-adenosine receptors elicits cardiovascular responses quite similar to those observed with rapid, severe hemorrhage, including bradycardia, hypotension, and inhibition of renal but activation of preganglionic adrenal sympathetic nerve activity (RSNA and pre-ASNA, respectively). Because adenosine levels in the central nervous system increase during severe hemorrhage, we investigated to what extent these responses to hemorrhage may be due to activation of NTS adenosine receptors. In urethane-and ␣-chloralose-anesthetized male Sprague-Dawley rats, rapid hemorrhage was performed before and after bilateral nonselective or selective blockade of NTS adenosine-receptor subtypes [A1-and A2a-adenosine-receptor antagonist 8-(p-sulfophenyl)theophylline (1 nmol/ 100 nl) and A 2a-receptor antagonist ZM-241385 (40 pmol/100 nl)]. The nonselective blockade reversed the response in RSNA (Ϫ21.0 Ϯ 9.6 ⌬% vs. ϩ7.3 Ϯ 5.7 ⌬%) (where ⌬% is averaged percent change from baseline) and attenuated the average heart rate response (change of Ϫ14.8 Ϯ 4.8 vs. Ϫ4.4 Ϯ 3.4 beats/min). The selective blockade attenuated the RSNA response (Ϫ30.4 Ϯ 5.2 ⌬% vs. Ϫ11.1 Ϯ 7.7 ⌬%) and tended to attenuate heart rate response (change of Ϫ27.5 Ϯ 5.3 vs. Ϫ15.8 Ϯ 8.2 beats/min). Microinjection of vehicle (100 nl) had no significant effect on the responses. The hemorrhage-induced increases in pre-ASNA remained unchanged with either adenosinereceptor antagonist. We conclude that adenosine operating in the NTS via A2a and possibly A1 receptors may contribute to posthemorrhagic sympathoinhibition of RSNA but not to the sympathoactivation of pre-ASNA. The differential effects of NTS adenosine receptors on RSNA vs. pre-ASNA responses to hemorrhage supports the hypothesis that these receptors are differentially located/expressed on NTS neurons/synaptic terminals controlling different sympathetic outputs. nucleus of the solitary tract; tonic activity of purinergic receptors; hypotensive hemorrhage; adrenal sympathetic nerve; renal sympathetic nerve CARDIOVASCULAR REFLEXES INITIALLY integrated in the nucleus of the solitary tract (NTS) provide rapid compensatory responses to hemorrhage. During the initial, normotensive phase of the response, mean arterial pressure (MAP) is maintained at prehemorrhage level, despite blood loss and gradually increasing hypovolemia. This is achieved via baroreflex-mediated increases in heart rate (HR) and efferent sympathetic vasoconstrictor activity (10, 30). Simultaneous neural stimulation of the adrenal medulla releases epinephrine and additionally helps to maintain cardiac performance under hypovolemic conditions. However, when the decrease of blood volume exceeds 25-35%, the second, hypotensive phase of the response develops abruptly (30). During this phase, a rapid decrease in MAP occurs as a result of active, reflex withdrawal of sympathetic vasoconstrictor activity and accompanying bradycardia (10, 30). The mechanisms triggering the second, hypotensive phase of the response involve cardiopulmonary reflexes and activation of central opioid, nitroxidergic, and vasopressinergic mechanisms (5, 6, 10, 12, 14, 15, 18, 19, 30, 32, 39) , whereas central serotoninergic mechanisms seem to postpone/attenuate the development of the second phase (10, 31). The biphasic response to hemorrhage is apparent in conscious animals and humans, whereas under general anesthesia the first, sympathoactivatory phase of the response is usually blunted (10, 30). Interestingly, in conscious and in anesthetized rats, the first sympathoactivatory phase of the response is not fully effective; MAP usually falls from the onset of hemorrhage, and the second phase of the response dominates (30). This may also depend on the rapidity of the hemorrhage. The typical pattern of the response to rapid and severe hemorrhage observed in anesthetized rats involves decreases in HR and efferent renal sympathetic nerve activity (RSNA), whereas the sympathetic output to the adrenal medulla increases (8, 36, 40) . This differential pattern of autonomic responses, decreases in MAP, HR, and RSNA with simultaneous increases in preganglionic adrenal sympathetic nerve activity (pre-ASNA) directed to the adrenal medulla, is very similar to that evoked via microinjections of adenosine into the NTS or selective stimulation of adenosine A 2a receptors located in the NTS (1, 3, 4, 16, 17, 23-25, 28, 29, 33, 37). In anesthetized animals, adenosine is naturally released into the central nervous system, including the NTS, during ischemia, hypoxia, and severe hemorrhage, during which MAP decreases below the brain autoregulatory range, i.e., below ϳ50 mmHg (20, 38, 41) . Therefore, the similarities between the patterns of autonomic responses elicited by severe hemorrhage and those to stimulation of adenosine receptors operating in the NTS may be not coincidental but physiologically related. In addition, our most recent studies showed that nitric oxide (NO) and vasopressin operating via V 1 receptors in the NTS contribute significantly to the depressor, cardiac slowing, and sympathoinhibitory responses elicited via selective stimulation of adenosine A 2a receptors in the NTS (28, 29). Importantly, both NO and vasopressin operating in the central nervous system contribute to posthemorrhagic hy-
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MATERIALS AND METHODS
All protocols and surgical procedures used in this study were reviewed and approved by the institutional Animal Care and Use Committee and were performed in accordance with the Guide for the Care and Use of Laboratory Animals endorsed by the American Physiological Society and published by the National Institutes of Health.
Design. The effects of bilateral blockade of adenosine receptors located in the NTS or respective volume controls on hemodynamic and regional sympathetic responses to hemorrhage were studied in 23 male Sprague-Dawley rats weighing from 320 to 420 g (mean Ϯ SE ϭ 360.0 Ϯ 5.8 g). In seven rats, we compared the responses to hemorrhage evoked before and after the blockade of adenosine A 1 and A2a receptors (A1ϩA2aX) with bilateral microinjections into the NTS of the nonselective A1-and A2a-receptor antagonist 8-(p-sulfophenyl) theophylline (8-SPT; 1 nmol in 100 nl). In nine rats, the effects of selective blockade of NTS adenosine A 2a receptors (A2aX) with the selective antagonist ZM-241385 (40 pmol in 100 nl) on the responses to hemorrhage were assessed. In an additional seven rats, the responses to hemorrhage were observed before and after bilateral microinjections of artificial cerebrospinal fluid (ACF; 100 nl, volume control) into the NTS.
Instrumentation and measurements. All of the procedures were described in detail previously (4, 23-26, 28, 29) . Briefly, rats were initially anesthetized with a mixture of ␣-chloralose (80 mg/kg) and urethane (500 mg/kg ip), tracheotomized, and artificially ventilated with oxygen-enriched air. After surgery was completed, a continuous intravenous infusion of ␣-chloralose (8 -16 mg ⅐ kg Ϫ1 ⅐ h Ϫ1 ) and urethane (50 -100 mg ⅐ kg Ϫ1 ⅐ h Ϫ1 ip) was applied to maintain a stable level of anesthesia during the experimental protocols as has been performed in all of our previous studies (4, 23-26, 28, 29) . The level of anesthesia was monitored via corneal and hindlimb withdrawal reflexes and the stability of hemodynamic and neural variables. Rectal body temperature was maintained at 37-38°C by means of heating pad and heating lamp. Arterial blood gases were tested occasionally (Radiometer, ABL500, OSM3), and ventilation was adjusted to maintain PO 2, PCO2, and pH within normal ranges. Average values measured at the end of each experiment were as follows: PO2 ϭ 135.4 Ϯ 5.5 Torr, PCO2 ϭ 39.7 Ϯ 1.0 Torr, pH ϭ 7.357 Ϯ 0.007 (n ϭ 23).
Right and left femoral arteries and the left femoral vein were catheterized to monitor arterial blood pressure and withdraw and to reinfuse blood and infuse drugs, respectively.
In 21 experiments, simultaneous recordings from two sympathetic outputs, RSNA and pre-ASNA, were performed. In two experiments, postganglionic ASNA (post-ASNA), directed to the adrenal cortex and vasculature (9) , and RSNA were recorded. The adrenal and renal nerves were exposed retroperitoneally, and neural recordings were accomplished as described previously (23-26, 28, 29) . Neural signals were initially amplified (2,000 -20,000ϫ) with bandwidth set at 100 -1,000 Hz, digitized, rectified, and averaged in 1-s intervals. Background noise was determined 30 -60 min after the animal was euthanized. Resting nerve activity before each microinjection was normalized to 100%.
The ratio between preganglionic and total nerve activity was initially tested with bolus intravenous injection of the short-lasting (1-2 min) ganglionic blocker arfonad (Hoffmann La Roche; 2 mg/kg) (23-26, 28, 29) and reevaluated at the end of each experiment with hexamethonium (20 mg/kg iv). RSNA was almost completely postganglionic; only 1.4 Ϯ 0.2% (n ϭ 23) of the activity persisted after the ganglionic blockade. The adrenal nerve consists of several separate bundles containing both pre-and postganglionic fibers with a very different ratio of both types of fibers in each bundle. Therefore, on the basis of criteria established in our previous studies, ASNA was considered as predominantly preganglionic if the activity remaining after ganglionic blockade at the end of each experiment was Ͼ75% (23-26, 28, 29) . Average pre-ASNA measured after the ganglionic blockade was 124.3 Ϯ 7.3% (n ϭ 21). Pre-ASNA increased over 100% likely because of an arterial baroreflex response caused by the decrease in MAP after the ganglionic blockade. In the two animals in which post-ASNA was recorded, the activity decreased to 49% and 12% after the blockade.
The arterial pressure and neural signals were digitized and recorded with a hemodynamic and neural data analyzer (Biotech Products, Greenwood, Indiana), averaged over 1-s intervals, and stored on hard disk for subsequent analysis.
Microinjections into the NTS. Bilateral microinjections of adenosine antagonists or vehicle (ACF) and carbocyanine dye DiI were made with three-barrel, glass micropipettes into the medial region of the caudal subpostremal NTS as described previously (4, 23-26, 28, 29) . Briefly, with the rat skull adjusted to a 45°angle from the horizontal plane of the stereotaxic apparatus and the micropipette barrel held at a 22°angle from the vertical plane, the surface coordinates used for insertion of the micropipette relative to the caudal tip of the area postrema were as follows: anteroposterior ϭ Ϫ0.1 mm, mediolateral ϭ 0.3 mm, dorsoventral ϭ 0.35 mm from the dorsal surface of the brain stem. The drugs were dissolved in ACF, and the pH was adjusted to 7.2. Only one microinjection of an antagonist or ACF was performed on each side of the NTS. All microinjection sites were verified histologically as described previously (4, 23-26, 28, 29) .
Combined blockade of both A 1-and A2a-adenosine-receptor subtypes located in the NTS was accomplished with bilateral microinjections of 8-SPT (1 nmol in 100 nl). Selective blockade of adenosine A2a receptors was achieved by bilateral microinjections into the NTS of selective A2a-receptor antagonist ZM-241385 (40 pmol in 100 nl). The doses of antagonists were similar to those used effectively in previous studies (1, (33) (34) (35) . The volume of microinjected antagonists was the same as used in our previous studies where other NTS receptors/mechanisms (glutamatergic, nitroxidergic, or vasopressinergic) were effectively antagonized (25, 26, 28, 29) .
Hemorrhage. Hemorrhage was performed via rapid withdrawal of arterial blood to decrease and maintain MAP at ϳ35 mmHg for 5 min, which was followed by reinfusion. This abrupt and severe but shortlasting and fully reversible hemorrhage was applied to induce adenosine release into the central nervous system. It has been shown in anesthetized rats that brain adenosine levels increase significantly when MAP decreases below 50 mmHg, i.e., below the autoregulatory range (38) . This rapid, marked hemorrhage evoked typical decreases in HR and RSNA and sustained increases in pre-ASNA under control conditions in all experimental groups (A 1ϩA2aX, A2aX, and ACF) and allowed for complete recovery of all recorded parameters in ϳ60 min from the reinfusion of the blood. The pattern of the responses observed in the present study was similar to that observed in previous studies performed in anesthetized rats (8, 36, 40) . Arterial blood was aspirated into heparinized 5-ml syringe containing ϳ5 U of heparin in 0.25 ml of saline. Rats were not heparinized before the first hemorrhage to decrease the probability of bleeding from vessels surrounding the exposed brain stem. The temperature of the blood in the syringe was maintained at ϳ37°C by means of a heating lamp. The initial volume of blood withdrawn to decrease MAP to 35 mmHg and total volume of blood withdrawn to maintain the decreased MAP for 5 min are presented in Table 1 . Nonselective (A 1ϩA2aX) and selective (A2aX) blockade of adenosine-receptor subtypes in the NTS significantly increased the initial volumes of blood withdrawn to decrease MAP to ϳ35 mmHg (P ϭ 0.042 and P ϭ 0.012 for A 1ϩA2aX and A2aX, respectively) and tended to increase the total volume of blood withdrawn during whole period of hemorrhage (5 min), although these differences did not reach statistical significance (P ϭ 0.053 and P ϭ 0.067 for A 1ϩA2aX and A2aX, respectively). ACF also slightly increased the initial but not total volume of withdrawn blood compared with control (P ϭ 0.049 and P ϭ 0.815 for initial and total values, respectively). Nevertheless, this initial increase tended to be smaller than those observed after the blockades (0.5 Ϯ 0.2 vs. 1.3 Ϯ 0.5 and 2.1 Ϯ 0.6 ml/kg; P ϭ 0.170 and P ϭ 0.055 for ACF vs. A 1ϩA2aX and A2aX, respectively).
Experimental protocols. In three separate experimental groups, the hemodynamic and regional neural responses were evoked via standardized hemorrhage under control conditions and after nonselective (n ϭ 7) and selective (n ϭ 9) blockade of NTS (A 1ϩA2aX and A2aX conditions, respectively) and after bilateral microinjections of ACF into the NTS (volume control; n ϭ 7). In this longitudinal experimental design, each animal served as its own control. This approach decreased interindividual variability of the responses and therefore enhanced the discrimination between random changes in all recorded parameters vs. the effects evoked by the blockade of NTS adenosine receptors. The time line of the protocol is presented in Fig. 1 . The control and experimental hemorrhages were evoked in intervals of at least 60 -70 min. During this time, all of the recorded parameters returned to the levels measured before the control hemorrhage. In addition, in most animals, the recovery of the responses was assessed ϳ70 min after the blockade of adenosine receptors in the NTS. The recovery was evaluated in six of seven rats in the A 1ϩA2aX group and in seven of nine rats in the A2aX group. The reasons for not completing the assessment of recovery in three animals were mechanical problems with arterial catheters and/or lack of recovery of all the parameters to the levels recorded before the blockade.
Data analysis. The hemodynamic and regional sympathetic nerve responses to hemorrhage observed under control conditions were compared with the responses observed after nonselective and selective blockade of adenosine receptor subtypes in the A 1ϩA2aX and A2aX groups, respectively, and after bilateral microinjections of ACF into the NTS (volume control). All variables were averaged in 30-s intervals. The responses to hemorrhage were expressed as percent differences from a 30-s basal control periods that were taken immediately before hemorrhage. In addition, the responses were integrated over the period of hemorrhage (5 min) similar to that described previously (4, 23-26, 28, 29) and expressed as averaged percent changes from baseline for the whole period of hemorrhage (¥⌬% collected in 1-s intervals/300 s). The average responses reflected the overall trends observed under each experimental condition despite the biphasic character of the responses.
The effects of treatment in the A 1ϩA2aX, A2aX, and ACF groups on the resting hemodynamic and neural parameters were evaluated ϳ5 min after the microinjections of respective antagonists or ACF into the NTS; the last 30 s of the responses preceding subsequent hemorrhage were averaged and compared with respective control values measured during the 30 s preceding the microinjections of the antagonists or ACF. A two-way ANOVA for repeated measures was used to compare control vs. experimental responses to hemorrhage under each experimental condition (A 1ϩA2aX, A2aX, and ACF). Differences observed were further evaluated by t-test with Bonferroni adjustment for repeated measures. The effects of treatment in the A 1ϩA2aX, A2aX, and ACF groups on resting parameters were evaluated with paired t-test. The changes in all recorded variables were also compared with zero by means of SYSTAT univariate F test. An alpha level of P Ͻ 0.05 was used to determine statistical significance.
RESULTS
The basal MAP and HR measured before control hemorrhages (n ϭ 23) were as follows: 86.2 Ϯ 1.5 mmHg and 358.0 Ϯ 8.4 beats/min, respectively. Approximately 1 h after control hemorrhage and reinfusion of the blood, the basal parameters, measured before microinjections into the NTS of adenosine-receptor antagonists (8-SPT and ZM-241385) and ACF (volume control) preceding the second hemorrhage, returned to normal levels: 85.9 Ϯ 2.6 mmHg and 362.0 Ϯ 10.8 beats/min for MAP and HR, respectively. Also, in those animals (n ϭ 13) in which a third hemorrhage was performed after the recovery from the blockade (at least 1 h after the Values are means Ϯ SE; n, no. of animals. A1ϩA2aX, blockade of adenosine A1 and A2a receptors; A2aX, blockade adenosine A2a receptors; ACF, artificial cerebrospinal fluid. *P Ͻ 0.05 vs. control. second hemorrhage), the basal MAP (81.3 Ϯ 3.0 mmHg) and HR (362.8 Ϯ 10.3 beats/min) were similar to those recorded at the beginning of the experiment. There were no significant differences between basal levels of MAP and HR measured during the three stages of the experiments: control, blockade, and recovery (P Ͼ 0.05 for all comparisons).
Effects of blockade of NTS adenosine receptors on basal variables. The effects of nonselective and selective blockade of NTS adenosine-receptor subtypes and the respective volume control on basal MAP, HR, RSNA, pre-ASNA, and post-ASNA are presented in Table 2 . The control, bilateral microinjections of ACF (100 nl) into the NTS tended to decrease MAP, HR, and RSNA (P Ͼ 0.05 vs. 0) and slightly increased pre-ASNA (P ϭ 0.039 vs. 0). These responses were similar to those observed in our previous studies in which unilateral microinjections of the same volumes of ACF were performed (25, 26, 28, 29) . Compared with the effect of vehicle, the bilateral microinjections of nonselective adenosine A 1 -and A 2a -receptor antagonist (8-SPT; 1 nmol/100 nl) and selective adenosine A 2a -receptor antagonist (ZM-241385; 40 pmol/100 nl) significantly decreased pre-ASNA but not RSNA (Table 2) . RSNA increased significantly after selective blockade of NTS A 2a receptors but not after nonselective blockade of both A 1 and A 2a receptors (Table 2) . Similarly to RSNA, post-ASNA, recorded in two experiments, increased by 2.5% and 6.4% after the blockade of adenosine A 2a receptors. There was also a tendency for increased HR after the nonselective (A 1 and A 2a ) and selective (A 2a ) blockade of NTS adenosine receptors (P ϭ 0.069 and P ϭ 0.106, respectively) and a tendency for increased MAP after selective blockade of NTS A 2a receptors (P ϭ 0.060) but not following the nonselective, double blockade (P ϭ 0.590).
Effects of blockade of NTS adenosine receptors on responses to hemorrhage. Under control conditions, the rapid hemorrhage, which decreased MAP to ϳ35 mmHg in 60 -90 s, evoked typical autonomic responses: after small initial increases, HR and RSNA markedly decreased, whereas pre-ASNA, directed to the adrenal medulla, increased and remained elevated throughout the period of the hemorrhage. The initial phase of the response under control conditions was short lasting and sometime difficult to detect (Fig. 2, left) . However, after the blockade of adenosine-receptor subtypes, the initial compensatory increases in RSNA and HR were markedly accentuated and prolonged (Fig. 2, middle) . Bilateral nonselective blockade of adenosine A 1 -and A 2a -receptor subtypes in the NTS with 8-SPT (1 nmol/100 nl) attenuated the hemorrhage-elicited decrease in HR and abolished the normal decrease in RSNA observed in the second, sympathoinhibitory phase of hemorrhage. Interestingly, the increase in pre-ASNA evoked by hemorrhage under control conditions remained unaltered or even tended to increase after the blockade (Fig. 2,  middle) . Selective blockade of NTS A 2a -adenosine-receptor subtype with ZM-241385 (40 pmol/100 nl) had similar although less pronounced effects on autonomic responses to severe hemorrhage compared with those observed after nonselective blockade. The antagonist attenuated the hemorrhageevoked decreases in RSNA and tended to attenuate the cardiac slowing responses. Again, the increases in pre-ASNA remained unaltered after the blockade. The HR and RSNA responses to hemorrhage, altered by the blockade of adenosine receptors, tended to recover ϳ60 min after the blockade (Fig.  2, right; Table 3 ). There were no significant differences between hemodynamic and neural responses to hemorrhage observed under control vs. recovery conditions (Table 3) . Figure 3 compares the average responses to hemorrhage evoked under control conditions with those observed after nonselective (A 1 ϩA 2a X) and selective (A 2a X) blockade of NTS adenosine-receptor subtypes and after volume control (bilateral microinjections of 100 nl of ACF into the NTS). In addition to the time courses of the responses (averaged in 30-s intervals), the overall responses, averaged for whole period of hemorrhage (5 min), are compared in each panel of Fig. 3 . The decreases in MAP were kept virtually identical in all experimental conditions (Fig. 3, top) . There were no differences between the magnitude and time courses of decreases in MAP between control vs. experimental conditions and across the experimental groups. Two-way ANOVA did not show significant effects of experimental conditions and experimental conditions ϫ time interactions (P Ͻ 0.05 for all comparisons). The combined blockade of adenosine A 1 and A 2a receptors extended the first, sympathoactivatory phase of the responses; the initial increases in HR and RSNA were markedly enhanced and longer lasting: 120 s for HR and 150 s for RSNA after the blockade compared with 60 s under control conditions for both variables. Two-way ANOVA showed highly significant effect of the blockade (P Ͻ 0.001 for HR and RSNA) without interaction between experimental conditions ϫ time (P ϭ 0.835 and P ϭ 0.804 for HR and RSNA, respectively) Selective blockade of adenosine A 2a receptors also accentuated the initial increases in HR and RSNA although to a lesser extent Values are means Ϯ SE; n, no. of animals [however, in ZM-241385 group, mean arterial pressure (MAP), heart rate (HR), and renal sympathetic nerve activity (RSNA) were measured in 9 animals, whereas preganglionic adrenal sympathetic nerve activity (pre-ASNA) was measured in 7] . ⌬%, Averaged percent change from baseline. In 2 experiments, the increases in postganglionic ASNA (2.5% and 6.4%) were observed after ZM-241385. Both selective and nonselective blockades of adenosine receptors in the nucleus of the solitary tract (NTS) significantly decreased basal pre-ASNA, whereas basal RSNA was increased only after selective blockade of NTS A2a adenosine receptors. HR tended to increase after 8-(p-sulfophenyl) theophylline (8-SPT), and MAP tended to increase after ZM-241385; however, these increases did not reach statistical significance compared with changes evoked by ACF (P ϭ 0.069 and P ϭ 0.060 for HR and MAP, respectively). *P Ͻ 0.05 vs. ACF.
(compare left vs. middle of Fig. 3 ). Two-way ANOVA showed that the effect of the blockade was highly significant (P Ͻ 0.001 for both HR and RSNA) without interaction between experimental conditions ϫ time (P ϭ 0.975 and P ϭ 0.942 for HR and RSNA, respectively). Together, these data indicate that biphasic HR and RSNA responses to hemorrhage were shifted in parallel upward after both blockades of NTS adenosine receptors. The shift was greater after nonselective A 1 -and A 2a -receptor blockade than after selective blockade of adenosine A 2a receptors compared with respective control conditions.
The responses averaged for the whole period of hemorrhage (Fig. 3) illustrate the overall effects of the blockades and volume control on both phases of hemorrhage providing simple index of shifts of the curves. The averaged responses in RSNA were reversed from decreases dominating under control conditions to prevailing increases after the combined blockade of adenosine A 1 and A 2a receptors (P ϭ 0.006) and significantly attenuated decreases after selective blockade of adenosine A 2a receptors (P ϭ 0.007). The overall hemorrhage-induced changes in RSNA were not different from zero after both blockades (P ϭ 0.222 and P ϭ 0.191 for A 1 ϩA 2a X and A 2a X groups, respectively). Similarly, the overall decreases in HR observed under control conditions were significantly attenuated after the combined blockade (P ϭ 0.023) and tended to be attenuated following the selective blockade of adenosine A 2a receptors, although the differences did not reach statistical significance (P ϭ 0.145). Nevertheless, the overall responses in HR measured after both blockades were not different from zero (P ϭ 0.209 and P ϭ 0.068 for A 1 ϩA 2a X and A 2a X, respectively).
The uniform increases in pre-ASNA remained unaltered after nonselective and selective blockades of NTS adenosinereceptor subtypes. Although the A 1 ϩA 2a X group tended to show increased responses and the A 2a X group tended to show decreased responses, the differences did not reach statistical significance (Fig. 3, bottom) (P Ͼ 0.05 for control vs. , and 70 min after the blockade (recovery). All measurements were performed in the same animal. The blockade attenuated and/or reversed hemorrhage-induced decreases in heart rate (HR) and renal sympathetic nerve activity (RSNA), whereas it did not attenuate the sympathoactivation of preganglionic adrenal sympathetic nerve activity (pre-ASNA). MAP, mean arterial pressure; bpm, beats/min. Values are means Ϯ SE; n, no. of animals; *P Ͻ 0.01 RSNA vs. pre-ASNA. There were no significant differences between control vs. recovery responses in all recorded parameters (P Ͼ 0.05 for all CTR vs. REC comparisons).
the responses in HR and RSNA evoked by hemorrhage before and after bilateral microinjections of ACF into the NTS (volume control) remained unaltered. Two-way ANOVA showed no significant ACF effect and no ACF ϫ time interactions for HR and RSNA responses (P Ͼ 0.05 for all comparisons).
DISCUSSION
In the present study, we have evaluated for the first time the contribution of NTS adenosine-receptor subtypes to the pattern of hemodynamic and regional sympathetic responses evoked by severe, reversible hemorrhage. The major new findings of the present study is that both A 1 and A 2a adenosine-receptor subtypes operating in the NTS facilitate the paradoxical, sympathoinhibitory responses observed during the second, hypotensive phase of hemorrhage. The selective blockade of adenosine A 2a receptors attenuated, whereas nonselective blockade of both A 1 and A 2a adenosine receptors abolished, hemorrhageinduced decreases in RSNA. The decreases in HR were attenuated to a greater extent after the nonselective (A 1 ϩA 2a X group) than after the selective (A 2a X group) blockade. Neither blockade altered the typical sustained increases in pre-ASNA, directed to the adrenal medulla, which occurred during both phases of the hemorrhage (8, 36, 40) . In addition, the effects of bilateral selective and nonselective blockade of NTS adenosine receptors on resting levels of regional sympathetic nerve activity and hemodynamic variables were assessed. The hemodynamic and regional sympathetic responses to blockade of NTS adenosine-receptor subtypes observed in the present study were consistent with the known responses to stimulation of these receptors observed in our previous studies (22) (23) (24) (25) (26) (27) (28) (29) . To our knowledge, this is the first evidence that both A 1 and A 2a adenosine receptors may tonically modulate MAP, HR, RSNA, and pre-ASNA at the level of the NTS.
NTS adenosine-receptor subtypes and hemorrhage. As discussed above in detail, several studies from our laboratory and by others have provided indirect evidence suggesting that adenosine operating in the NTS may modulate reflex compensation to hypotensive hemorrhage (8, 10, 24 -30, 36, 38, 40) . Our present study directly supports this hypothesis. The combined blockade of adenosine A 1 and A 2a receptors in the NTS attenuated the hemorrhage-induced decreases in RSNA and HR to a greater extent than the selective blockade of adenosine A 2a receptors, suggesting that both adenosine-receptor subtypes operating in the NTS may be involved. This observation was unexpected because selective stimulation of NTS A 1 adenosine receptors usually evokes pressor and sympathoactivatory responses (3, 13, 26) . However, decreases in MAP, HR, and RSNA accompanied with the increases in pre-ASNA may also occur in response to stimulation of NTS adenosine A 1 receptors in ϳ30 -35% of cases, as our group has shown recently (13, 26) . This less frequent pattern of A 1 -receptorelicited responses is consistent with the pattern of responses evoked via stimulation of NTS A 2a receptors and that observed during hypotensive hemorrhage (8, 24 -29, 36, 40) . Interestingly, sustained increases in pre-ASNA were not affected by either of the blockades. This implies that activation of the adrenal medulla during hemorrhage and the preferential increases in pre-ASNA evoked by stimulation of both A 1 -and A 2a -receptor subtypes located in the NTS are mediated via separate mechanisms. For example, different neuronal networks operating in the NTS may mediate these responses or hemorrhage-induced increases in pre-ASNA may be mediated mostly via direct pathways from the hypothalamic paraventricular nucleus to the rostral ventrolateral medulla and spinal cord. These pathways, which bypass the NTS, are activated during hypotensive hemorrhage (2, 10). Previous studies suggested that the sympathoinhibitory and cardiac slowing responses observed during severe hemorrhage are mediated via vagal afferents from cardiopulmonary receptors and modulated by central opioid, serotoninergic, nitroxidergic, and vasopressinergic mechanisms (5, 6, 10, 12, 14, 15, 18, 19, 30 -32, 39) . Adenosine may be released into the central nervous system during severe hemorrhage (38) ; thus it may trigger or facilitate all of the mechanisms mentioned above. By operating via A 2a receptors, adenosine may facilitate synaptic release of vasopressin, NO, opioids, and glutamate, mediating and/or facilitating the cardiopulmonary reflex pathways in the NTS. Because activation of adenosine A 1 receptors attenuates the release of neurotransmitters from synaptic terminals, including the release of GABA, these receptors may contribute to the posthemorrhagic bradycardia and sympathoinhibition via disinhibition of some or all of the above factors participating in the responses.
Adenosine-receptor subtypes operating in the NTS seem to facilitate the second phase of response to hemorrhage (sympathoinhibition and cardiac slowing) as the blockade of these receptors postponed and attenuated the second phase but accentuated and prolonged the first phase of the response (initial sympathoactivation and cardioacceleration). Consistent with this concept was the observation that the initial volume of blood withdrawn to decrease MAP to 35 mmHg was significantly greater after the blockades than under control conditions, although the differences for the total volume of blood withdrawn needed to maintain the decreased blood pressure for 5 min did not reach statistical significance (P ϭ 0.058 and P ϭ 0.067 for control vs. A 1 ϩA 2a X and A 2a X conditions, respectively; Table 1 ).
Tonic action of adenosine receptors in the NTS. Bilateral, nonselective (A 1 ϩA 2a X), and selective (A 2a X) blockade of adenosine receptors in the NTS significantly decreased pre-ASNA but not post-ASNA and RSNA (Table 2 ). This observation is consistent with preferential increases in pre-ASNA after stimulation of both A 1 and A 2a adenosine receptors in the NTS observed in our previous studies (24 -29) . RSNA increased significantly after selective blockade of NTS A 2a receptors but not after nonselective blockade of both A 1 and A 2a receptors (Table 2 ). This observation is also consistent with our previous reports showing that selective stimulation of NTS A 2a receptors decreases RSNA, whereas selective stimulation of NTS A 1 receptors increases RSNA (22) (23) (24) (25) (26) (27) (28) (29) . Therefore, the effects of blockade of both A 1 and A 2a receptors on RSNA likely canceled each other. There was also a tendency to increase HR after the nonselective (A 1 ϩA 2a X) and selective (A 2a X) blockade of NTS adenosine receptors (P ϭ 0.069 and P ϭ 0.106, respectively) and a tendency to increase MAP after selective blockade of NTS A 2a receptors (P ϭ 0.060) but not after the nonselective, double blockade (P ϭ 0.590). These observations are also consistent with the effects of selective stimulation of NTS adenosine-receptor subtypes, considering that stimulation of both A 1 and A 2a receptors in the NTS decreases HR, whereas selective stimulation of A 1 and A 2a receptors increases and decreases MAP, respectively, as reported previously (4, 13, (22) (23) (24) (25) (26) (27) (28) (29) . Together, the above observations suggest that both A 1 -and A 2a -receptor subtypes may be tonically active in the NTS, providing differential modulation of regional control of sympathetic outputs and vascular beds.
Previous studies usually did not show significant effects of blockade of adenosine receptors in the NTS on hemodynamic and neural variables. However, these studies used unilateral microinjections of respective antagonists in limited volumes (50 -60 nl) (1, 3, 16, 17, 33, 35, 37) . Therefore, contralateral NTS mechanisms could compensate for the effects of the unilateral blockade. In the present study, bilateral microinjections of adenosine-receptor antagonists in volumes sufficient to effectively block other NTS receptors (100 nl) (25, 28) showed significant effects of the blockades.
Limitations of the method. The present studies were performed in anesthetized animals. Therefore, the first, sympathoactivatory and cardioacceleratory, phases of the response to hemorrhage were likely blunted. However, after the blockades, the first phases of the response were accentuated and prolonged, especially for A 1 ϩA 2a X conditions. This suggests that adenosine-receptor subtypes operating in the NTS may actively attenuate the first phase and facilitate the second phase of the response to hemorrhage similarly to that observed previously for central opioid and vasopressin receptors and nitric oxide in conscious animals (5, 10, 12, 19, 30, 39) .
With the consideration that the antagonists of adenosine receptors were microinjected into the NTS in relatively large volumes (100 nl), it cannot be excluded that they might spread into the adjacent area postrema or other structures. Both A 1 and A 2a receptors are present in the area postrema (21) . Therefore, it is not clear whether the tonic effects exerted by adenosine receptor subtypes on MAP, HR, RSNA, and pre-ASNA observed in the present study were entirely dependent on the blockade of adenosine receptors in the NTS or in the adjacent structures. Further studies with smaller volumes of antagonists microinjected into the NTS and area postrema may answer this question. However, the limited volume of the antagonists may not be sufficient to fully block the receptors, resulting in vague responses similar to those previously observed after the unilateral blockades (1, 3, 16, 17, 33, 35, 37) .
It is difficult to precisely evaluate the effective concentrations of microinjected antagonists at adenosine-receptor sites in the NTS. The antagonists would be diluted in the interstitial fluid after microinjections, and their effective concentrations in the interstitial fluid would be expected to decrease with increasing distance from the center of the injection site. Because of the high initial concentrations, both antagonists could bind to both A 1 -and A 2a -receptor subtypes in the immediate proximity of the microinjection sites. However, with increasing distance from the microinjection sites, the selectivity of ZM-241385 toward adenosine A 2a receptors may increase much more than the relatively small selectivity of 8-SPT toward adenosine A 1 receptors. For example, 8-SPT is 5.8 times more selective toward adenosine A 1 than toward A 2a receptors (K i ϭ 15.3 M and K i ϭ 2.6 M for A 1 and A 2a receptors, respectively), whereas ZM-241385 is 382 times more selective toward adenosine A 2a receptors than toward A 1 receptors (K i ϭ 256 nM and K i ϭ 0.67 nM for A 1 and A 2a receptors, respectively) (7, 11) . The potency of ZM-241385 toward adenosine A 1 receptors is ϳ10 times greater than the potency of 8-SPT. However, regarding adenosine A 2a receptors, ZM-241385 is almost 23,000 times more potent than 8-SPT. Because we used 25 times greater concentrations of 8-SPT than ZM-241385, we believe that ZM-241385 blocked predominantly adenosine A 2a receptors, whereas 8-SPT blocked both types of receptor sub-types with slightly greater potency for A 1 than for A 2a receptors. In support of this assumption, the neural and hemodynamic effects evoked by selective and nonselective blockades of NTS A 1 -and A 2a -receptor subtypes in the present study (Table 2) were consistent with the effects evoked by selective stimulations of these receptor subtypes in previous studies from our laboratory (4, 13, (22) (23) (24) (25) (26) (27) (28) (29) . To our knowledge, the antagonists used in the present study do not interfere with any other neurotransmitters or neuromodulators operating in the NTS except adenosine (7, 11, 21) .
In the present study, we compared the responses recorded in two consecutive hemorrhages (control hemorrhage vs. hemorrhage evoked after the blockade); therefore, it was possible that some long-lasting after effects of the first hemorrhage could affect the responses to the subsequent one. However, the hemorrhages were short lasting and fully reversible, as all the recorded variables returned to prehemorrhage levels before the next hemorrhage. In addition, volume and time control showed that HR and RSNA responses to the first hemorrhage were not significantly different from those that occurred after microinjections of respective volumes of ACF into the NTS. Finally, the responses that were altered after the blockade tended to recover after ϳ60 -70 min, during the third consecutive hemorrhage. The control responses were not significantly different from the recovery responses in all analyzed variables (Table 3) . Together, these observations strongly suggest that the observed effects of the antagonists on the pattern of the responses to the hemorrhage were caused by the antagonists themselves.
Interestingly, although the blockade of adenosine-receptor subtypes did not alter hemorrhage-evoked increases in pre-ASNA, these responses were significantly attenuated after bilateral microinjections of 100 nl of ACF (Fig. 3) . However, the bilateral microinjections of ACF itself increased slightly, but significantly, the resting pre-ASNA (Table 2 ). When we compensate for these increases (i.e., when the responses in pre-ASNA were calculated toward the resting level recorded before microinjections of ACF), then the pre-ASNA responses in control vs. post-ACF hemorrhages were not significantly different. The increases in pre-ASNA averaged over time of hemorrhage were 37.4 Ϯ 7.8 ⌬% vs. 25.5 Ϯ 4.0 ⌬% for control vs. ACF conditions, respectively (P ϭ 0.104).
In conclusion, bilateral combined blockade of adenosine A 1 and A 2a receptors in the NTS accentuated and prolonged the first, compensatory phase of the response to hemorrhage, whereas it markedly attenuated and postponed sympathoinhibition and cardiac slowing observed in the second phase of the response. Similar although less pronounced effects occurred with selective blockade of NTS adenosine A 2a receptors. Therefore, it is likely that both adenosine-receptor subtypes (A 1 and A 2a ) may contribute to the paradoxical sympathoinhibitory and cardiac slowing responses observed during the second phase of hemorrhage. The hemorrhage-induced increases in pre-ASNA were not affected by any of the blockades. Because the blockades altered resting MAP, HR, RSNA, and pre-ASNA in a way that was consistent with the effects of stimulation of adenosine-receptor subtypes located in the NTS, this observation suggests that naturally released adenosine may tonically activate NTS A 1 and A 2a receptors.
